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Many hints of LFU violation, especially in B decays

First addressed using EFTs with four fermion operators

The charge current anomalies point to the TeV scale, so
collider searches must go beyond EFT

A particularly good (single mediator) UV completion
IS a TeV-scale vector-leptoquark U; ! (3,1, 2/ 3),
which couples dominantly to the third generation

We argue that this U1l Vector Leptoquark can not be the only
new TeV scale vector In realistic extensions of the SM
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Further TeV Scale Vectors?

There are two basic classes of UV theories which can provide
new vectors, gauge models and composite models

1. Gauge Models

- the Ul Is a massive gauge boson from a spontaneously
broken gauge symmetry

- closure of the algebra and pheno requires further vectors

2. Composite Models
- U1 Is a bound state of conbned particles
- these conbned particles will have further resonances
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This will be generated from Gnp
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Further TeV Scale Vectors in Gauge Models

The Ul leptoquark has Lagrangian terms

Lyp ! LUt gty g e+ he

This will be generated from Gnp
Assuming no SM-NP fermion mixing (Vg = ¥3¥ + TRF)

w o S o
Lnp D g—Uf” {5}{! RMT_I_”)/“! %M} + h.c.

V2
b "0 0 0 1
"9 Y +0 0 0 &
| Y = #dgé Introduced 6 Generators, e.9., - =49 o o &
er 0 00O
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Closure of the algebra means that |77, T”must also be
proportional to a generator ([T.,T, ]=if "# T%)

"0 001 OO0OO0OO0O OOOO OOTDVOT1 1 0 0 O
[TrTr]:::OOO%::OOO%|:OOO%::OOO%: 0 0O o%
T HO 00 #0 0 O " #0 0 0 #0 0 O #0 0 0 O

0O 000 1 0O00O0 1 000 0 O0OTUO 0 0 0!1

We get 3 new Z' type generators

But SU(3) invariance means that the Lagrangian can be
written with 1 newzg. |

-

1.0 0 O
w0 1 0 0Y
Te-L=%g 0 1 oé
0 0 013
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This ZO is associated with the breakingU(1)g: . ! U(1) " U(1l)y

This breaking also gives a mass to the Ul

But the breaking which gives mass to the U1 does not
necessarily break u(1)g: |

=1 Mz!! MU1
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Now we can write a consistent UV theory
E.g, Gnp =SUM4)! SU2)L! UQ)

Unfortunately it would be ruled out
Coupling constants all come from same SU(4) so gy = Oz = Os

U1 and ZO with this FU coupling are ruled out below ~ 5 TeV

But Ravour anomalies require a Ul at 2 - 4 TeV

—
Generators for U1, ZO and QCD should not come from same group



Further TeV Scale Vectors in Gauge Models

Minimal option is GRp' = SU(4)! SU3)'! SU@2). ! ULy

Di Luzio, Greljo, Nardecchia 1708.08450
Diaz, Schmaltz, Zhong 1706.05033




Further TeV Scale Vectors in Gauge Models

Minimal option is GRp' = SU(4)! SU3)'! SU@2). ! ULy

Di Luzio, Greljo, Nardecchia 1708.08450
Diaz, Schmaltz, Zhong 1706.05033

where SU(3).is diagonal subgroup of sU4)! SU(3)!

The breaking requires a colour-octet vector (GO), with

MG’ LY U1l
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2. Strongly Interacting Models
Now the (colour-triplet) U1l is a bound state of two fermions

These fermions must be charged under SU(3).

The simplest option is a colour singlet ! ¢and a triplet Xq

(OlxgvuxelUr(p,€)) = Fue,

With these constituents, we again obtain a ZO and a GO
<O|>23TS,B’YMX5|G(Z)7 6)> — FG’EZ ) <0|>—<g,YMXCqX|Z(’1(p, E)) — FZ(;E[J, ) <O|)Z£,YMX€|Zé(p7 E)) — FZéeu
Higher fermion reps. typically give more states

All masses are expected to be at the conbPnement scale



Further TeV Scale Vectors

In conclusion,
any model with a massive U1 leptoquark,

has at least a ZO and a coloron (GO)

at a similar or lower mass
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Phenomenological Lagrangian - Ul

LU1=——U1WU“”+MUU* Ut —igs (1 — ky) UJ , T Ur,, G*M

\/—[U1 (B @by, + B dgvuek) +hcl,

Motivated by pheno and symmetries, we take
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Phenomenological Lagrangian - Ul

£U1=——U1WU“”+MUU* Ut —igs (1 — ky) UJ , T Ur,, G*M

\/—[U1 (B @by, + B dgvuek) +hcl,

Motivated by pheno and symmetries, we take

0 g . leadstopp! !”
BL 0 B¥ Br = diag(0,0, %) _

leads to pp! 'p~ UV completions

B2 = 0(1) B2 < |B% L N g



Phenomenological Lagrangian - Ul

£U1=——U1WU“”+MUUT Ut — zgs(l—nU)UlﬂT“U,,G““”

\/— (UL (BY @l + B druer) +hcl,

Motivated by pheno and symmetries, we take
leads to pp! !”

0 By
Br 0 B Br = diag(0,0, %)
32 33 2

leads to pp! 'p~ UV completions

B2% = 0(1) 827 < |8 L N g

N
N
5
<

N
\V)
S
<

RD_R%Mzo.QX(g?UY [03+07<ﬁ23)]><< E.MU )2 for B’ =0

2
My ) for B33 =—1




Phenomenological Lagrangian - ZO and GO

1 1 o
ﬁZ'Z_ZZ;wZ,W"'ﬁM%'Z, Z’u+2\/_z'u( I @y vu @), + G U v vy

+ Cczlj Jg{ Tu d%z 3 CEJ L "Yu -3 CZJ eR Yu eR)

1 1 1
LG/ = —Z G;g'/ G’CLI“/ + 5 Mc2;' Gla Glau + 5 kG Gla Gam/ +gs kG’fach:;,a G:jb ch,y

0 G/ (9 g Ty, + i Gy Ty 4 ) By T ),

We take similar hierarchical couplings for ZO and GO

with no coupling to electrons



Existing Constraints

Constrained BSM amplitude Final state Data set

U7 pair prod. bbr—1t CMS, 35.9 fb—!  1811.00806
U, pair prod. ttv, v, CMS, 35.9 fb~!  1805.10228
G’ pair prod. 2b2b CMS, 35.9 fb~1  1808.03124
U [t chan.] & Z' [s chan.] T T ATLAS, 36.1 fb~! 1709.07242
Uy [t chan. THY CMS, 35.9 fb~!  1807.11421
Uy [t chan.] & Z’ [s chan.] Thk ATLAS, 36.1 fb—! 1807.06573
G’ [s chan.] & Z’ [s chan. tt ATLAS, 36.1 fb—! 1801.02052
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Limits - Pair Production

+ CMS, 35.9 fb!
CMS, 35.9 fb!
CMS, 359 b1 7

Ui [t chan.] ThV CMS, 35.9 fb!

Dedicated CMS analyses g Uy, G
g U,, G’
U, b

Parameters/ bbr—71 final state ttv. v final state

ko {58 BR(U; — br*)  Limit [TeV] BR(U; — tv;)  Limit [TeV]

0 0.51 1.4 0.50 1.6

0 0.67 1.5 0.33 1.3

1 0.51 1.1 —-1.3 0.49 1.1 —-1.2

1 0.67 1.2—-14 0.32 1.0 —1.2

Mg > 1.5 TeV




Limits - pp > tau tau

U, pair prod. bbr—rt CMS, 35.9 fb~!
U, pair prod. ttv, v, CMS, 35.9 fb~!
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Limits - pp > tau tau

Constrained BSM amplitude  Final state ~ Data set
U, pair prod. bbr—rt CMS, 35.9 fb~!

ATLAS recast

U, pair prod. ttv, v, CMS, 35.9 fb~!

£ U, [t chan] & Z' [s chan] + ATLAS, 361 !

Ui [t chan.] & Z' [s chan.] Thit ATLAS, 36.1 fb~!
G' [s chan.] & Z' [s chan.] tt ATLAS, 36.1 fb!

g | g I
100005 | ) ) ) | R L | | | |
2 ATLAS my = 3.8 TeV A5 i ATLAS gu =gz =3 A
13 TeV, 36.1 tb™ 1, ThadThad my = 2.4 TeV 13 TeV, 36.1 b, ThaaThad -
1000 - v =gz =3 Z I
; 4.0 .
Background - all bins
100 g ""'“"""'““"“"““""""?

3.5

Events / bin

10 k i
F 3.0F

95% C.L. on mass [TeV]

1k — ) [
F _|_ — ; 2.9 all bins

J 7! i
0.1 | - N B 2.0L

200 400 600 800 1000 1

tot [G CV]

tot \/ Thl Th2 + Ermss) (p Thl +p7’{l'h2 _I_ﬁmlss)2

Nyins included in CLs




Limits - pp > tau tau - Ul
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pp —
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MU [TGV]

4.5

5.0
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Constrained BSM amplitude

Data set

U1 pair prod.

U; pair prod.

Ui [t chan.] & Z' [s chan.]
G’ [s chan.] & Z’ [s chan.]

Thit
tt

ATLAS, 361 b0 J2

CMS, 35.9 fb!
CMS, 35.9 fb!

ATLAS, 36.1 fb~!
ATLAS, 36.1 fb~1
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| 4 U [t chan] & Z' [s ¢

Ui [t chan.] & Z' [s chan.]

han.| +

CMS, 35.9 fb!
CMS, 35.9 fb!

ATLAS, 361 !

ATLAS, 36.1 fb~!

Thit
G' [s chan.] & Z' [s chan.] tt ATLAS, 36.1 fb!
= | =
q,u d C 1 gZ
| L L LI L I

1.0 v

0.9E

0.8F
0.6F

0.4F

0.3F

0.1F

ATLAS

13 TeV, 36.1 fb~*,

Thad Thad |/

1.5 20 25 3.0 35 4.0

M YA [TGV]
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Constrained BSM amplitude
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[ [
L I I tS p p t a u u Constrained BSM amplitude  Final state ~ Data set

U, pair prod. bbr—rt CMS, 35.9 fb~!
U, pair prod. ttv, v, CMS, 35.9 fb~!
G’ pair prod. 202b CMS, 35.9 fb—!

< I\/I S re C aSt @' [s chan) & Z [s chan] i ATLAS, 36.1‘ b1




Limits - pp > tau nu

U, pair prod. bor—rt CMS, 35.9 fb~!

U, pair prod. tv, vy CMS, 35.9 fb~!
G’ pair prod. 2b2b CMS, 35.9 bt

K 1 [t chan. ThY , 35.9 fb~ ‘
( :M S rec ast Gl chon € 2 chan) ATLAS, 86,1 1

c.f. A. GreljoOs talk
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Limits - pp > tt

U, pair prod CMS, 35.9 fb=
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Interplay of Limits in 4321 Models
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Conclusions

¥ If a Ul leptoquark explains the anomalies, we expect further NP vectors
¥ pp > tau tau provides strongest limits on U1 in most of parameter space
In this channel, ! 2> ~ 1 has a large impact
- Constraints on ZO are typically weaker than those on U
¥ pp > tau nu is competitive with pp > tau tau only if !'Z°! 0.7
¥ pp > tau mu is competitive if ! 2°! 0.5and ! 3%if is small

¥ Constraints from pp > tt on coloron are very sensitive to the width

¥ In a given UV models, constraints on new vectors can dominate
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Complementarity with Low Energy - pp > tau nu
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Complementarity with Low Energy - pp > tau mu

Constrained BSM amplitude  Final state ~ Data set
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Compare to low energy constraints
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